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Abstract 
In this work we report the interfacial charge transfer between Fe core and Ag shell in self-organized 
nanoparticles on MgO films on Mo(001). Pre-deposited Fe nanoparticles organize in a square 
network with long range order on the oxide surface guided by the MgO coincidence lattice. When 
Ag is added, it covers the Fe nanoparticles forming a shell. By means of XPS and UPS we show 
that a charge transfer occurs between the Fe core and the Ag shell, determining the oxidation of part 
of the Fe atoms and a negative charging of the Ag shell. This is confirmed by band bending and 
core level shifts. As a consequence of the Fe@Ag morphology and composition the plasmonic 
response of the nanoparticles is modified with respect to pure Ag nanoparticles. 
Introduction 
Metal nanoparticles (NPs) play a major role as catalysts in nanoscale systems, improving 
performances of catalytic converters, fuel cells, plasmonic devices.
1,2,3
 Their activity strongly 
depends on several contributions, like particle size, shape, exposed active sites, metal-support 
interaction. Within this framework an important contribution comes from the charge transfer 
between oxide support and NP.
 
It was extensively reported that metal NPs deposited on thin oxide 
films can experience a charge transfer (both positive or negative, depending on the system) from/to 
the metal support or from/to oxide defects.
4
 This transferred charge can act directly on the 
adsorption rate and reaction kinetics of the adsorbates,
 5,6
 or indirectly modifying the NP shape.
7
 
When the NPs sustain plasmon resonances, as in the case of noble metals, the interplay between NP 
charging and plasmonic response must be taken into account, as it can lead to a modification in the 
optical properties.
8
 The presence of excess charges in small NPs induces a small shift of plasmon 
resonance, modify the dielectric properties and influences the dynamic properties of plasmon losses 
and hot electron injection.
9
 For this reason NP charging can be used to actively control the plasmon 
response of nanostructures and it has important consequences on their application in plasmonic 
devices.  
2 
 
In this work we investigate the electronic properties and plasmonic response of Ag NPs on MgO 
film, when the NP assembly is induced by the pre-deposition of Fe seeds on the oxide surface. It has 
been previously shown that Fe NPs nucleate on MgO thin films on Mo with a preferential site on 
the coincidence lattice on the oxide terraces, due to oxide lattice and workfunction modulation.
10
 
When metal NPs sit on MgO thin films on Mo, a spontaneous charge transfer between the metal 
support and the NPs occur by tunneling through the oxide.
11,12
 The direction of charge transfer 
depends on the metal/oxide system, as both negatively and positively charged NPs have been 
reported. When the oxide film is thick this transfer is inhibited, but other channels are active. MgO 
dislocations can act as electron traps,
13
 therefore adsorbates and metal NPs can positively charge 
when they adsorb/nucleate in their proximity.
14,15
 Ag in particular nucleates on the dislocation 
network that reaches the MgO surface, neglecting the presence of the coincidence lattice on the 
terraces.
16
 We show here that Fe seeds induce Ag nucleation with a long range order avoiding metal 
intermixing and that, since Ag deposition occurs at room temperature where the alloying is known 
to be inhibited, Ag forms a shell on the Fe seeds.
17
 As a consequence of the presence of Fe, the Ag 
shell negatively charges and its plasmonic response is modified. 
Experimental 
A Mo(100) single crystalline support has been prepared by subsequent cycles of Ar sputtering at 
room temperature and at 1120 K, until a negligible quantity of O and C is found on the surface. 
MgO films on Mo(001) have been deposited by Mg thermal evaporation in 4x10
-8
 Torr O2 partial 
pressure introduced through a nozzle near the Mo surface. Details on the preparation of MgO films 
on Mo(100) can be found elsewhere.
18,19
  Fe and Ag nanoparticles have been deposited by thermal 
evaporation in ultra-high-vacuum (UHV) on the MgO film kept at room temperature (RT), in a base 
pressure of 4x10
-10
 Torr. 
X-ray photoelectron spectroscopy (XPS) measurements are performed with an Al-Kα non-
monochromatized X-ray source and a hemispherical analyzer at normal emission. Ultraviolet 
photoelectron spectroscopy (UPS) spectra are obtained with HeI photons. Workfunction is 
measured from the Secondary Electron Cutoff (SECO) exciting with HeI photons and keeping the 
sample biased at -20 V. Electron energy loss spectroscopy (EELS) measurements are performed 
with a primary electron beam of 100 eV and scattered electrons are collected with the hemispherical 
analyzer in specular geometry at 32° from surface normal. The plasmon resonances of the metal 
NPs have been simulated with the Granfilm code
20
. 
Fe@Ag NPs have been deposited on 10 ML MgO film on Ag(001) for comparison. MgO has been 
thermally evaporated in 4x10
-8
 Torr O2 partial pressure on the support previously cleaned by 
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sputtering and annealing and kept at 450 K during deposition.
21,22
 
Scanning tunneling microscopy (STM) images are collected with an Omicron RT UHV AFM/STM 
and images are analyzed by means of WSxM.
23
 Grain analysis has been obtained with SPIP 
software.  
All measurements are performed in a single UHV apparatus without breaking the vacuum. 
Results and discussion 
 Figure 1a-d reports the STM images of the Ag nanoparticles  grown on 10 ML MgO film on 
Mo(001). Before the metal deposition the coincidence lattice is visible on the MgO surface, as 
previously reported (Figure 1a).
18,19
 This lattice is both a morphological and electronic modulation 
due to the lattice mismatch and has a square periodicity of 5.5 nm. During the deposition of 0.5 Å 
Ag at room temperature the metal organizes spontaneously in form of NPs of square shape with the 
[100] sides parallel to the MgO[100] surface direction, with average diameter of 4.5 nm and height 
1.6 nm (Figure 1b). NPs nucleate on the dislocations of the oxide film (black cracks in Figure 1a), 
Figure 1: 100x100 nm
2
 STM images of (a) 10 ML MgO on Mo(001) (I=0.05 nA, U=3.9 V), (b) 0.5 
Å Ag on 10 ML MgO (I=0.04 nA, U=3.8 V), (c) 0.4 Å Fe on 10 ML MgO (I=0.03 nA, U=3.2 V), (d) 
0.5 Å Ag/0.4 Å Fe/10 ML MgO (I=0.06 nA, U=3.2 V). Insets of (b,d) report the FFT of the 
respective images.(e) EELS spectra and Granfilm simulation for Ag NPs in (b); (f) NP diameter as 
obtained by STM grain analysis (orange) and EELS simulations (black). 
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while they neglect the presence of the coincidence lattice.
16
 On the contrary Fe NPs nucleate both 
on the dislocations and on the coincidence lattice, showing a partial long range order, with average 
diameter of 1.8 nm and height 0.5 nm (Figure 1c).
10
 If we deposit Ag after the formation of Fe NPs, 
they maintain the ordering of the Fe NPs, as evident in the FFT, with a periodicity of 5.5 nm 
(Figure 1d). The density of the NPs remains almost constant before and after Ag deposition 
(4.8x10
12
 cm
-2 
for Fe NPs, 5.3x10
12
 cm
-2 
for Ag/Fe), while the diameter increases from 1.8 to 2.9 
nm and the height from 0.5 to 0.7 nm. Fe-Ag alloying is not favored up to the melting of the two 
metals,
17
 and since deposition of low-energy atoms occurs at room temperature, we do not expect 
any intermixing. Therefore we can tentatively conclude that Ag nucleates on the pre-formed Fe 
NPs, covering them and forming Fe@Ag core@shell NPs. Diameters can be estimated from grain 
analysis of STM images or from the simulation with Granfilm code of the plasmonic response of 
Ag NPs in Electron Energy Loss Spectra (EELS, Figure 1e). Taking NP height from STM and 
simulating EELS of Ag on MgO we can obtain the real NP diameter and shape. Plasmon resonance 
energies strictly depend on the NP morphology and we have exploited Granfilm simulation of 
EELS spectra to determine the NPs hemispherical shape and the actual diameters. Figure 1f reports 
the comparison of diameters as obtained by STM grain analysis and EELS simulations. This in 
accordance with previous experimental works reporting truncated spheres, approximating predicted 
truncated fcc octahedra in (100) epitaxy.
24,25,26
 Optimization of particle geometry based on 
comparison with simulations leads to an average NP diameter of 2.7 nm for nominally 0.5 Å Ag on 
MgO film. This indicates a correction factor on diameters between the two curves in Figure 1f of 
1.7 (due to tip convolution). This deviates only for the point at 2 Å, where both the STM height is 
not easily determined and a larger error is introduced in EELS simulation. More details concerning 
the two estimations are given in the Supporting Information. Using this correction factor we can 
correct the diameter of Fe@Ag NPs to 1.7 nm. 
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Combining the obtained morphological information with XPS we can better determine the 
composition of the NPs, adding information concerning possible interfacial interaction. For this 
reason we have investigated the electronic properties of the system by means of XPS and UPS. The 
Fe2p XPS lineshape of Fe NPs on 10 ML MgO shows a clear metallic state (Figure 2a). A clear 
asymmetry (as compared to bulk Fe) is present on the high binding energy side (710 eV), that can 
be due to the reduced dimensionality.
27
 This asymmetry does not modify when the system is 
exposed to the partial pressure present in the deposition chamber when the Ag evaporator is 
switched on (Figure 2a, grey spectrum). 
However as soon as Ag is deposited on top, a 
second component appears on the high binding 
energy side, compatible with Fe
2+
 ions. This 
component increases with increasing deposited 
Ag quantity and is slightly more intense for 
thicker MgO films. To establish the amount and 
trend in Fe oxidation we have performed a 
deconvolution of Fe2p3/2 peak (Figure 2b) with 
tabulated peak positions and intensity ratios of 
Fe
2+
 (as in FeO) and shakeup satellite, while for 
Fe
0
 we have considered the Fe lineshape 
measured before Ag deposition (that takes into 
account the low dimensionality effects).
28
 With 
this quantification, Fe
2+
/Fe
0
 area ratio after 0.1 Å 
deposition is 0.15, for 0.5 Å Ag is 0.25, on 40 
ML MgO is 0.33. 
Given the NP diameters reported in Figure 1f , 
we have quantitatively estimated the thickness of 
the core and shell by means of a model for XPS 
attenuation applied to NPs.
29
 The model starts 
from a planar configuration calculation and 
assuming a correction topofactor for the spherical 
geometry allows to determine the NP shell 
thickness. We have applied this model to the 
Fe
2+
/Fe
0 
intensity ratio obtained by the Fe2p 
Figure 2: (a) Fe2p XPS spectra of 0.4 Å Fe 
on 10 (lower part) and 40 ML MgO (upper 
part) before (black spectra) and after Ag 
deposition (orange spectra). Grey curve 
reports the peak after Fe deposition on 
MgO. (b) Fit of the Fe2p
3/2
 measured after 
Ag deposition.   
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deconvolution to estimate the thickness of the Fe
2+
 shell inside the core. Then from the Ag3d/Fe2p 
intensity ratio we have determined the external Ag shell thickness. We obtain that the Ag shell is 
0.34 nm thick, while the core is reasonably divided in a Fe
2+ 
shell of 0.2 nm on a central Fe
0
 nucleus 
of 0.11 nm.  
To clarify the origin of the Fe oxidation we have 
studied the electronic properties of the system 
combining XPS and UPS. Mg and O lineshapes do not 
change with Fe and Ag deposition.  Core level peak 
position has been determined by a fit with Gaussian or 
Voigt function, while VB edge position is obtained by 
the crossing point between the linear fit of the leading 
edge of the valence band and the background 
measured in UPS spectra. A shift of the valence band 
(VB) edge and of core level peaks of the oxide film 
and the Ag NPs has been observed. This indicates a 
band bending 𝑉𝑏𝑏 occurring upon metal deposition 
(Figure 3). We report the shift of the Mg1s surface 
sensitive core level peak with respect to the clean 
MgO film signal in Figure 3a. The peak of the 10 ML 
film shifts to lower binding energy (upward bending) 
when Ag alone is deposited. For Ag quantities below 
1 Å however shifts are negligible and correspondingly 
also valence band edge is almost constant (Figure 3b). 
Correspondingly we obtain an increase in 
workfunction ∆𝜑 as measured by the low-energy onset 
of secondary electron distribution in the UPS spectrum 
and the subsequent increase in ionization energy 
(calculated as ∆𝐼 = ∆𝜑 + ∆𝑉𝑏𝑏)
30
 of +0.3 eV are 
observed for 0.5 Å Ag as compared with the pure MgO 
surface. of +0.3 eV are observed for 0.5 Å Ag as 
compared with the pure MgO surface. This indicates the 
presence of a negative surface dipole, compatible with a charge transfer from the Mo support to the 
NPs, as it occurs for Au NPs on MgO film.
12,31
 When Fe core is added to the NPs, both the Mg1s 
Figure 3: Variations with Ag deposited 
quantity of (a) Mg1s and (b) valence 
band edge position, determined as 
difference with respect to the clean 
oxide film. (c) Binding energy position 
of Ag3d5/2 peak on 10 ML and 40 ML 
oxide film (full markers) and after 0.4 
Å Fe deposition (empty markers). 
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and VB edge shift increases indicating a stronger upward bending, indicating a larger charge 
transfer (Δφ = +0.6 eV, ΔI = +0.5 eV for 0.5 Å Ag). Therefore Fe oxidation is due to the transfer of 
electrons from the external part of the Fe core to the Ag shell (and not to O inclusion, contamination 
from residual gas has been excluded). When Ag NPs are grown on 40 ML MgO, the bending is 
downward, indicating a positive charging of the Ag NPs (without Fe). Here tunneling through the 
oxide is inhibited, therefore the charges are trapped in the oxide dislocations.
13,15,14
 When Fe is 
added the bending inverts due to charges moving to the external Ag shell, inverting the surface 
dipole, and peaks move to lower binding energy. A small shift is present also when Fe alone is 
deposited, indicating a small charge transfer also from Fe NPs to MgO. Therefore the negative 
charge transfer to Ag is even more evident in this case. 
The charging is evident also from the Ag3d5/2 peak position, reported in Figure 3c. The peak shifts 
to lower BE with increasing Ag quantity (without Fe). This decrease of Ag electron binding energy 
at higher deposition is related to the increase in NP size, as reported in Figure 1f.
32
 When Fe is 
present in the core, the BE increases by 0.25 eV at 0.5 Å Ag. These Fe@Ag NPs have a diameter 
comparable to those obtained by deposition of 0.25 Å pure Ag (Figure 1f), while the Ag3d binding 
energy is still higher than 0.25 Å  Ag. Therefore this increase cannot cannot be entirely explained 
by the reduced dimensionality. On the contrary it can be related to the presence of negative charges, 
since in bulk Ag the Ag 3d binding energy at higher oxidation state is lower than in the metallic 
state due to a large extra-atomic relaxation energy contribution, which dominates over the positive 
shift in the initial state.
33
  
The origin of Fe oxidation is therefore a charge transfer from Fe to Ag due to the higher Ag electron 
affinity, particularly important at low dimensionality. When Ag adatom is put in contact with (or 
embedded in) Fe surface, a shift in the d-bands is predicted, but no modification of the band 
occupancy is predicted.
34
 An hybridization at the interface between Fe and Ag states is expected, 
however this does not explain the charge transfer. Contrary to the charge transfer mechanisms 
playing a role without Fe, here the effect is not fully related to the presence of the Mo support or the 
MgO dislocations, since the same effect is evident also on Fe@Ag NPs on MgO film on Ag(001), 
even if to a smaller extent, where charge transfer from the metal support should be less favored.
35
 It 
is therefore a general effect present in these bimetallic NPs. Part of the contribution can additionally 
come from the metal support or from the MgO dislocations and sum to the main effect. Given the 
NPs size obtained from STM and XPS quantification reported before, we can conclude that, 
supposing every oxidized Fe atom donates 2 electrons, 0.6 electrons are donated  to every Ag shell 
atom in the 0.5 A Ag deposition, while 0.1 e/at for 0.1 A Ag deposition. It is known that bulk 
8 
 
tabulated values of binding energies in XPS spectra does not always match atomic oxidation states 
in low dimensional systems. However this rough estimation is consistent with numbers reported in 
literature.
31, 35
 
The presence of the Fe core has consequences on 
the plasmon response of the system (Figure 4). 
EELS spectra of Ag NPs on MgO have two main 
peaks at about 2.8 and 3.6 eV, assigned to the 
plasmonic modes respectively parallel and 
perpendicular to the substrate surface (Figure 
4a).
24
 A small structure at about 1 eV is related to 
the Mo support, while the interband transition edge 
of MgO is located at about 5.5 eV. Figure 4b 
reports a fit of the Ag NPs spectra  with two 
Gaussian peaks for the two plasmon modes and a 
Fermi-Dirac distribution for the MgO interband 
transition.
36
 A more detailed description of the 
EELS spectra of Ag NPs is reported in the 
Supporting Information. When the Fe core is 
present, the deconvolution of the two plasmon 
modes is less evident and the perpendicular mode 
seems dominating. To clarify if the change in the 
plasmon resonances can be assigned to the 
modified dielectric environment or if can be 
related to the important charge transfer, we have 
compared the results with the simulation of the 
EELS cross section by means of Granfilm code 
(Figure 4c).  Here we have assumed hemispherical 
NPs of 1.7 nm diameter placed on a Fe surface to 
simulated the dielectric interface between Ag and 
Fe. Here simulation shows a strong blueshift of the 
parallel mode that overlaps to the perpendicular 
mode, determining a superposition in a unique 
broad peak at around 3.5 eV, compatible with the 
Figure 4. (a) EELS spectra of Ag and 
Fe@Ag NPs on 10 ML MgO/Mo(001). 
(b) Fit of the plasmon modes for Ag and 
Fe@Ag NPs. (c) EELS cross section of 
Ag NPs on MgO and on Fe simulated with 
Granfilm code. 
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experimental spectra. The small contribution at 2.8 eV that is visible in the fit for Fe@Ag is due to 
the presence of Ag NPs nucleated without Fe core, as evidenced from the slightly larger NP density 
after Ag deposition on Fe. From these results a variation in the plasmonic response of the NPs due 
to the presence of Fe is evident. It is more difficult to assign an effect to the influence of charging 
due to the peak broadening. Further ab-initio theoretical calculations could clarify the role of this 
possible contribution.  
Conclusions 
In conclusion we have shown that when Ag is deposited on Fe nanoparticles on MgO/Mo(001), 
they replicate the ordering of Fe. Combining STM, EELS and XPS we have demonstrated that Ag 
covers the Fe NPs, forming a shell around them. As soon as the Ag shell is added a charge transfer 
occurs from Fe to Ag, leaving part of the Fe atoms in an oxidized state. At the same time bands 
bend upward in response to the presence of a surface negative dipole in the vicinity. Part of the 
negative charges transferred to Ag come from Mo support by tunneling through the oxide film, 
inducing an overall shift of the levels and of Ag 3d states. This effect is not limited to the 
Fe@Ag/MgO/Mo but seems to be more general, as it is present also changing the metal support for 
MgO. As a consequence of the presence of Fe, NPs modify their plasmonic resonances. These 
change from two non-degenerate plasmon modes (due to the hemispherical particle morphology and 
to the presence of the substrate) to an almost degenerate broad mode induced by the vicinity of Fe. 
The presence of excess charges on the particle surface and the modifications induced in their 
electronic and optical properties could have important consequences on their catalytic activity and 
can reveal as possible tool to tune their response. 
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